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Rotational excitation of molecules in the regime
of strong ro-vibrational coupling: a comparison
between an optical centrifuge and a
transform-limited pulse

J. M. Garcı́a-Garrido,a V. Milner,b C. P. Koch c and R. González-Férez *ad

We investigate theoretically the ability of an optical centrifuge, a laser pulse whose linear polarization is

rotating at an accelerated rate, to control molecular rotation in the regime when the rigid-rotor

approximation breaks down due to coupling between the vibrational and rotational degrees of freedom.

Our analysis demonstrates that the centrifuge field enables controlled excitation of high rotational states

while maintaining relatively low spread along the vibrational coordinate. We contrast this to the

rotational excitation by a linearly polarized Gaussian pulse of equal spectral width and pulse energy,

which, although comparable to the centrifuge-induced rotation, is unavoidably accompanied by a

substantial broadening of the vibrational wavepacket.

1 Introduction

Laser pulses have long been used for controlling the rotation of
molecules.1–4 Among multiple approaches to rotational control,
the method of an optical centrifuge proved to be the most
successful in spinning molecules to extremely high rotational
states, known as molecular super-rotors.5,6 The centrifuge is a
linearly polarized laser pulse, whose polarization vector rotates
with constant angular acceleration. An interaction of the laser-
induced dipole moment with the applied laser field results in a
torque, which forces the molecule to follow the accelerated
rotation of the field polarization.

On the experimental side, optical centrifuges have been
used in numerous studies of molecular structure and molecular
dynamics (for recent reviews, see ref. 7 and 8). In these
investigations, it has been assumed that the centrifuge drives
the molecule up the rotational ladder of states, without expli-
citly driving Raman transitions up the vibrational manifold.
This approximation is well justified in the case of relatively
light molecular species with strong molecular bonds and
correspondingly high energies of Raman-active vibrational
modes (i.e. 41000 cm�1), which fall outside the available

energy bandwidth of amplified femtosecond laser pulses
(B500 cm�1).

In the case of heavier molecules, or those with softer mole-
cular bonds, ro-vibrational coupling may significantly change
the dynamics of a super-rotor. Previous theoretical studies have
explored this scenario in the context of the centrifuge-induced
dissociation,9–11 as well as the dissociation induced by a short
laser pulse.12 Interestingly, the reverse process of creating a
molecular bond can also be facilitated by the ro-vibrational
coupling.13 On the experimental side, evidence of the ro-
vibrational energy exchange in the field-free dynamics of mole-
cules in extreme rotational states has been recently reported.14

Dissociation is an extreme example of coupled ro-vibrational
dynamics. In view of coherent control of ro-vibrational
dynamics, it is also interesting to understand the spread of
population across the vibrational manifold below the dissocia-
tion limit. One of the open questions is whether the optical
centrifuge can provide an experimental tool to make the
molecule climb the vibrational ladder in a controlled way
(much like it does with the rotational ladder climbing). Alter-
natively, one may ask whether high rotational excitation of
molecules with low vibrational energies can be executed with
the optical centrifuge in such a way as to keep their vibrational
state intact, thus protecting them from potential dissociation.
Heavier molecules may be susceptible to the vibrational excita-
tion by the centrifuge field, leading to ro-vibrational coupling,
which may significantly change the dynamics of a super-rotor.

Our aim here is to theoretically analyze the degree of
vibrational excitation, comparing the effect of the centrifuge
with that of a simple Gaussian pulse. To this end, we have
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carried out a full quantum mechanical analysis of the ro-
vibrational dynamics of a diatomic molecule in a non-resonant
laser field. We compare a pulse whose time envelope mimics one of
the polarization axes of an optical centrifuge15 with a Gaussian
pulse with the same spectral bandwidth and carrying the same
energy as the centrifuge pulse. We have chosen Rb2 as an example
of a heavy diatomic molecule that can be prepared and studied in a
trapped ultracold gas.16–19

This article is organized as follows. In Section 2, we describe
the system Hamiltonian, including the interaction with
the optical centrifuge and another non-resonant laser pulse.
Section 3 is devoted to exploring the field-dressed dynamics of
the rovibrational ground state and of several excited states as
well as of a thermal sample. Conclusions and outlook are
presented in Section 4.

2 System description and numerical
method

We consider a diatomic molecule in the a3S+ electronic state
exposed to a non-resonant laser pulse linearly polarized along
the Z-axis of the laboratory-fixed frame (LFF). Within the Born–
Oppenheimer approximation, the nuclear Hamiltonian is
given by

HðtÞ ¼ TR þ
N2

2mR2
þ VðRÞ þHI ðtÞ; (1)

where the first and second terms stand for the vibrational and
rotational kinetic energies, respectively, N is the rotational
angular momentum, m is the reduced mass of the molecule,
R is the internuclear distance, and V(R) is the electronic
potential energy curve. For a non-resonant laser field, the
polarizability interaction reads

HI ðtÞ ¼ �
IðtÞ
2ce0

DaðRÞ cos2 yþ a?ðRÞ
� �

; (2)

where I(t) is the intensity of the laser field, c is the speed of light
in a vacuum, e0 is the electric permitivity of vacuum, and y is
the Euler angle formed between the internuclear and laser
polarization axes. The polarizability anisotropy is Da(R) =
a8(R) � a>(R), with a8(R) and a>(R) being the parallel and
perpendicular components of the polarizability in the
molecular-fixed frame (MFF).

The time-dependent Schrödinger equation associated with
the Hamiltonian (1) is solved by a grid representation of the
wave function, i.e., the Fourier and discrete variable represen-
tations for the radial and angular coordinates, respectively,20–22

and the time evolution is calculated using the Chebyshev
propagator.23 The field-dressed dynamics is analyzed in terms
of the field-free rovibrational eigenstates of the Hamiltonian (1)
(obtained by setting t = 0), Fn,N,MN

(R) = fn,N(R)YN,MN
(y, j), where

fn,N(R) and YN,MN
(y, j) are the vibrational and rotational parts,

respectively, with YN,MN
(y, j) being the spherical harmonics,

and (n, N, M) the vibrational, rotational, and magnetic quantum
numbers. For the sake of simplicity, we refer to the eigenstate

Fn,N,MN
(R) by its quantum numbers (n, N, M). For a given initial

state CðR; t ¼ 0Þ ¼ Fn0;N0;MN0
ðRÞ; the time-dependent wave

function can be expressed as

CðR; tÞ ¼
X
n;N

Cn0;N0;MN0
ðn;N; tÞFn;N;MN

ðR; tÞ; (3)

where the sum runs over all vibrational bands and rotational
excitations up to a maximal value, which is chosen to ensure
converged results. In this expansion (3), we have used that MN0

is a good quantum number due to the azimuthal symmetry.
The coefficients Cn0;N0 ;MN0

ðn;N; tÞ depend on the time during

the pulse duration. Afterwards, the Hamiltonian (1) becomes
time-independent, and these coefficients acquire constant
absolute values but varying phases.

We consider two different laser fields, both linearly polar-
ized along the LFF Z-axis. The first one is a ‘‘two-dimensional’’
centrifuge pulse (CP), which mimics the experimental pulses
used in ref. 24. While the two-dimensional model greatly
simplifies our analysis, we expect its result to apply to conven-
tional three-dimensional centrifuge fields,15 because our focus
is on the effects which do not depend on the directionality of
molecular rotation. The intensity of this pulse is given by

ICðtÞ ¼

I0C sin2
pt
2t0

� �
gðt; bÞ; 0 � t � t0;

I0Cgðt; bÞ; t0 o t � tC � t0;

I0C sin2
p tf � tð Þ

t0

� �
gðt; bÞ; tC � t0 o t � tC;

8>>>>>>><
>>>>>>>:

(4)

where I0
C is the peak intensity, t0 the turning on and off time,

and tC the duration of this pulse. The function g(t; b) = sin2(bt2)
simulates the oscillatory behavior of an experimental optical
centrifuge pulse, with the parameter b being the analogue of
the acceleration of the polarization axis rotation. Here, the CP
parameters are fixed to b = 0.3 ps�2, t0 = 3 ps and tC = 15 ps.

The second pulse is a non-modulated Gaussian pulse (GP)
with the same spectral bandwidth as the CP, and intensity

IGðtÞ ¼ I0G exp �
t� tg
� �2

s2

 !
; (5)

where I0
G is the peak intensity and 2s

ffiffiffiffiffiffiffiffi
ln 2
p

is the full width at
half maximum (FWHM). This GP possesses the same spectral
bandwidth as the considered CP if s is taken to be s = 0.142 ps.
In addition, we impose that both pulses carry the same energy,
which happens when their peak intensities are related to one
another as I0

G = 24.05I0
C. The GP is centered at tg = 0.671 ps, twice

the value of the FWHM of the GP, so that the intensity at t = 0 ps
is BI0

G � 10�10 W cm�2. The duration of this pulse is tG = 2tg ps,
i.e., four times the GP FWHM. By fixing this value of tG, we have
ensured that the effects due to very small, but non-zero, laser
fields at the beginning and end of the time-evolution are
negligible.
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3 Field-dressed rovibrational dynamics

We consider a Rb2 molecule for which the lowest triplet
electronic state a3S+

u accommodates approximately 41 vibra-
tional states with no rotational excitation, i.e., N = 0. Note that
due to the molecular symmetries, the a3S+

u potential only
accommodates rotational states of even parity. The number of
bound rotational excitations decreases as the vibrational quan-
tum number n increases. For instance, the maximal values of
the rotational quantum numbers are N = 152, 5 and 0 for the
vibrational bands n = 0, 39 and 40, respectively. For the lowest
vibrational band of Rb2 in the a3S+

u electronic state, the rota-
tional constant is 0.0104 cm�1, whereas the vibrational splitting
is 12.8 cm�1.

The interaction with the laser field, for moderate to strong
intensities, is expected to lead to a significant hybridization of
the rotational motion, followed by an impulsive alignment
because their durations are significantly shorter than the Rb2

rotational period of tB = 1.6 ns. However, the field-induced
dressed dynamics for the CP and GP should be different due to
the very distinct time scales and ways in which the pulses
transfer the same energy to the molecule.

3.1 Dynamics of the rovibrational ground state

We assume that Rb2 is initially in its rovibrational ground state
(0, 0, 0) and analyze the dressed dynamics by the time-evolution
of the projections of the wavepacket into the field-free basis,
i.e., |C0,0,0(n, N, t)|2, presented in Fig. 1. We only plot the
coefficients of the field-free states with n = 0, 1 and N r 14.
For the G and C pulses, the peak intensities are fixed to
I0
G = 1012 W cm�2 and I0

C = 4.158 � 1010 W cm�2, respectively.
Due to the selection rules DN = �2 of the field interaction,
(0, 2, 0) is the first state contributing to the field-dressed

wavepacket, and immediately afterwards, higher rotational
excitations are also populated. The weights |C0,0,0(0, N, t)|2

initially increase up to a maximum, keeping an oscillatory
behavior till the end of the pulse when they reach a final
constant value. For the CP, the oscillatory behavior of
|C0,0,0(0, N, t)|2 is a bit more irregular due to the consecutive
maxima of IC(t). The low values of the weights plotted in Fig. 1
indicate that many rotational excitations contribute to the wave
function.

An interesting phenomenon is that both pulses provoke that
states within neighboring vibrational bands get populated. The
comparison between panels (b) and (d) of Fig. 1 shows that
their contribution is more important for the GP-dressed wave-
packet, but even so, they cannot be neglected for a proper
description of the CP-induced dynamics. These non-zero
weights of states with n 4 0 prove a strong ro-vibrational
coupling between the vibrational and rotational degrees of
freedom, induced by the interaction with the non-resonant
laser field, and the breakdown of the rigid-rotor approximation.
The contribution of states from higher vibrational bands is also
important at the end of the pulses, as shown by the weights of
the field-free eigenstates plotted in Fig. 2(a) and (b) for the G
and C pulses, respectively. These final weights illustrate the
differences between the dynamics induced by these two fields.
The distribution of population is wider in the vibrational and
rotational quantum numbers for the GP-induced dynamics. For
instance, the neighboring vibrational bands n = 1 and n = 2 have
larger cumulative weights, defined in eqn (8), V0,0,0(1, t = tf) =
0.160 and V0,0,0(2, t = tf) = 0.033 due to the GP. In contrast, the
vibrational distribution induced by the CP pulse is very narrow,
with rather low cumulative weights, V0,0,0(1, t = tf) = 0.0018 and
V0,0,0(2, t = tf) = 0.0003, which is due to its weaker peak
intensity, and its gradual transfer of energy to the molecule.
Indeed, the centrifuge time envelope enables a better control
over the vibrational excitations that are not significantly
increased after the first intensity maximum.

An experimental optical centrifuge creates molecular samples in
super-rotor states, i.e., in very high rotational excitations.15

We analyze this property by the final cumulative weights in a
certain rotational quantum number, independently of their vibra-
tional band, N0,0,0(N, t = tf) defined in eqn (9). N0,0,0(N, t = tf) is
plotted as a function of N in Fig. 3(a) and (b) for the G and C pulses,
respectively. In addition, Fig. 3 shows the final weights in a certain

Fig. 1 For the initial state (0, 0, 0), time evolution of the weights of the
field-free states |C0,0,0(n, N, t)|2 with rotational quantum number N r 14
and vibrational quantum numbers (a) and (c) n = 0; and (b) and (d) n = 1. The
peak intensities are I0G = 1012 W cm�2 and I0C = 4.158 � 1010 W cm�2. The
shaded areas represent the time profiles of the (a) and (b) centrifuge and
(c) and (d) Gaussian pulses.

Fig. 2 For the initial state (0, 0, 0), final weights of the field-free rovibra-
tional states |C0

n,N(tf)|
2 after the (a) centrifuge and (b) Gaussian pulses with

peak intensities I0C = 4.158 � 1010 W cm�2 and I0G = 1012 W cm�2,
respectively.
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rotational excitation obtained within the rigid-rotor description, see
Appendix A. The GP-dressed dynamics involves many rotational
excitations, N0,0,0(N, t = tf) shows small-amplitude oscillations as N
increases and reaches a global maximum at N = 44, decreasing
afterwards. The rigid-rotor approximation does not reproduce the
rovibrational results due to the large contribution from neighbor-
ing vibrational bands. For the CP-induced dynamics, N0,0,0(N, t =
tf) also oscillates with N having larger amplitudes, and reaches its
global maximum at N = 36, approaching zero for higher values of
N. For the CP case, rigid-rotor description provides a good approxi-
mation because the contributions from higher vibrational bands
are rather small at the weak peak intensity of the CP. The
mean rotational excitations, defined in eqn (10), are hN0,0,0i =
32.2 and 27.6 for the GP and CP, respectively. These mean values
indicate that the way energy is transferred by the GP pulse to the
ground state gives rise to higher rotational excitations than in the
CP dynamics.

Non-resonant light is normally used to produce samples of
molecules aligned along the laser-polarization axis. The time
evolution of the alignment hcos2yi � hC(R, t)|cos2y|C(R, t)i
induced by these pulses is presented in Fig. 4. For comparison,
the results obtained within the rigid-rotor approximation are
also plotted in this figure. Both pulses provoke an impulsive
alignment to the molecule due to their short duration com-
pared to the molecular rotational period, with hcos2yi reaching
extreme values at the rotational revivals ktB/4, with k being an
integer. For the GP-induced alignment, there are large devia-
tions between the rigid-rotor and rovibrational descriptions,

due to the important role played by higher vibrational bands on
the dressed dynamics. For instance, the alignment obtained
with the full rovibrational description possesses smaller
maximal values, which are reduced and shifted with respect
to the revivals ktB/4 as time increases. For the CP-induced
alignment, the agreement with the rigid-rotor description is
good during (approximately) the first rotational period. Indeed,
the narrow vibrational broadening induced by this pulse pro-
vokes that the differences between these results and a small
reduction of the maximal alignment appear only at later times.

We conclude this section by analyzing the dynamics induced
in the initial state (0, 0, 0) by a CP with a stronger intensity,
I0
C = 1.8 � 1011 W cm�2, the weights |C0,0,0(n, N, t)|2 are plotted

in Fig. 5 at different times. Due to the stronger peak intensity,
already at the first maximum, a significant population is
transferred to the vibrational band n = 1. By further increasing
the time, the distribution of population becomes significantly
wider in N, but not in n. At the end of the pulse, there are
several vibrational bands with significant contributions,
V0,0,0(1, t = tf) = 0.028 and V0,0,0(2, t = tf) = 0.011. However,
despite these moderate vibrational weights, the CP pulse effi-
ciently transfers population to higher rotational excitations,

reaching the mean value Nn0;N0;MN0

D E
¼ 32:8.

3.2 Dynamics of rovibrational excited states

In this section, we analyze the impact of these two pulses on
excited vibrational states, taking as a prototype example the initial
state (25, 0, 0). Fig. 6 and 7 present the weights |C25,0,0(n, N, t)|2 as a
function of n and N at different time steps of the GP- and CP-
dressed dynamics, respectively. The peak intensities are fixed to
I0
G = 1012 W cm�2 and I0

C = 4.158 � 1010 W cm�2.
At the beginning of the pulses, the population distribution is

similar, as illustrated in panels (a) of Fig. 6 and 7 for t = 0.553 ps

Fig. 3 For the initial state (0, 0, 0), final population distribution (dark
green) according to rotational quantum number N defined in eqn (9) after
the (a) centrifuge and (b) Gaussian pulses with peak intensities I0C = 4.158 �
1010 W cm�2 and I0G = 1012 W cm�2, respectively. For the rigid-rotor
approximation (light pink), we present the weights of each rotational state
with the lowest vibrational band n = 0.

Fig. 4 For the initial state (0, 0, 0), time evolution of the alignment (dark-
green thin line) induced by the (a) centrifuge and (b) Gaussian pulses with
peak intensities I0G = 1012 W cm�2 and I0C = 4.158 � 1010 W cm�2,
respectively. The alignment computed within the rigid-rotor (light-pink
thick line) approximation is also plotted.

Fig. 5 For the initial state (0, 0, 0) in a CP, weights |C0,0,0(n, N, t)|2 of the
field-free rotational and vibrational states into the field-dressed wave-
packet at times (a) t = 3.236 ps (first maximum of IC(t)); (b) t = 5.605 ps
(third maximum); (c) t = 7.926 ps (sixth maximum); and (d) at the end of the
pulse (t = 15 ps), with peak intensity I0C = 1.8 � 1011 W cm�2.
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and 3.236 ps, respectively. Initially, the rotational excitations
within n0 = 25 show the largest contribution to the wavepackets,
but those within the neighboring vibrational bands n0 � 1, 2
also possess significant weights. As time increases, the differ-
ences between the field-dressed dynamics become more evi-
dent and are due to the distinct ways that the pulses transfer
energy to the molecule. The short duration and high intensity
of the GP indicate that significantly more rovibrational states
are involved in the dynamics, with a large amount of popula-
tion transferred to other vibrational bands. This population
distribution to neighboring vibrational bands follows a diag-
onal path due to that the dominant matrix elements between

different bands: hn, N, MN|Da(R)cos2y|n � 1, N � 2, MNi, see
Fig. 12 for the radial part of this matrix element. For the CP
wavepacket, more rotational excitations get populated at these
later time steps, whereas the total weights of states in different
vibrational bands does not change significantly after the first
intensity maximum, being the main contributions from n0 � 1,
2 and 3. This controlled spread over vibrational excitations
reflects the gradual transfer of energy from the centrifuge field
to the molecule. Hence, in this strong coupling regime, the CP
pulse is more efficient in creating super-rotor wavepackets
formed by high rotational excitations while simultaneously
keeping a narrow distribution of vibrational bands.

Compared to the ground state, the impact on this excited
state of these laser fields is weaker. This is due to the largest
spatial extension of the vibrational wave function as n
increases, and the highest probability density being located
close to the outermost classical turning point of the electronic
potential curve. As a consequence, the overlaps of the corres-
ponding wave functions with the R-dependent polarizabilities
are smaller, reducing the impact of the laser field. In contrast to
the ground-state, the CP is more efficient at climbing the
rotational ladder, and at the end of the pulses, the mean values
of the rotational excitations are hN25,0,0i = 10.35 and 7.90 for
the C and G pulses, respectively. For the GP-dressed dynamics,
the wider distribution of the final weights in the vibrational
and rotational quantum numbers reduces the contributions
of highly excited rotational states, and, as a consequence,
the mean value hN25,0,0i becomes smaller.

Analogous results are obtained for other vibrational excited
state (n0, 0, 0), as illustrated in Fig. 8 with the final distribution
of population in the rovibrational spectrum for n0 = 5, 10, 35
and 39, and peak intensities I0

G = 1012 W cm�2 and I0
C = 4.158 �

1010 W cm�2. The dressed dynamics of these states shows
similar features as those discussed for (25, 0, 0) above. For
both pulses, we observe that as the vibrational excitation
increases, the impact of the laser field is reduced. The stronger
impact induced by the GP pulse, gives rise to higher hybridiza-
tion of the rotational and vibrational motions, illustrated by
wider distributions among the field-free states. Most impor-
tant, the CP-induced vibrational spreading is very narrow for all
analyzed cases.

We explore the creation of molecular samples in highly
excited rotational states by the final mean value of the rota-
tional excitation hNn0,0,0i eqn (10), which is presented in Fig. 9
as a function of the vibrational excitation n0 and for several
peak intensities of both pulses. As indicated above, the impact
of the laser field decreases as n0 increases, which is manifested
in the decreasing trend of hNn0,0,0i. For the lowest peak
intensities, hNn0,0,0i reaches similar values for both pulses.
In contrast, for the strongest intensities, the rotational ladder is
climbed more (less) efficiently by applying a CP than a GP for
the rotational ground states in the vibrational bands with n0 \

14 (n0 t 14). This is due to the broader vibrational distribution
induced by the GP for these initial excited states, which reduces
the weight of higher rotational excitations, and, therefore,
the value of hNn0,0,0i. For the vibrational bands close to the

Fig. 6 For the initial state (25, 0, 0) in a GP, weights |C25,0,0(n, N, t)|2 of the
field-free rotational and vibrational states into the field-dressed wave-
packet (a) at the FWHM t = 553 fs; (b) at the maximum of the GP t = tg =
671 fs; (c) at the FWHM t = 790 fs; (d) and at the end of the GP. The peak
intensity is I0G = 1012 W cm�2.

Fig. 7 For the initial state (25, 0, 0) in a CP, weights |C25,0,0(n, N, t)|2 of the
field-free rotational and vibrational states in the field-dressed wavepacket
at (a) first maximum t = 3.236 ps; (b) third maximum t = 5.605 ps; (c) sixth
maximum t = 7.926 ps; and (d) at the end of the pulse t = 15 ps. Peak
intensity is I0C = 4.158 � 1010 W cm�2.
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dissociation threshold, hNn0,0,0i reaches rather low values due
to the small amount of rotational excitations bound in those
bands and a weaker field impact.

An important feature of the dressed dynamics is the partial
dissociation of the molecule, as scattering states also contri-
bute to the final wave function.25 This occurs for (25, 0, 0) in
Fig. 7, and for n0 = 5, 10, 35 and 39 under the CP in Fig. 8. For all
these states, we find that the uppermost rotational excitation
bounded within a certain vibrational band is populated. This
field-induced dissociation at the end of the pulse is quantified
PD
n0;0;0, defined in eqn (11), which is plotted in Fig. 10(a) and (b)

as a function of n0 and for several peak intensities of the G and
C pulses, respectively. This field-induced dissociation strongly
depends on the initial state, pulse shape and peak intensity. For
the GP, PD

n0 ;0;0 shows a smooth behavior as a function of the

vibrational band of the initial state n0. PD
n0;0;0 initially increases

as n0 increases, reaching a maximum, and then decreases
for highly excited vibrational bands. As the peak intensity

increases, the largest amount of population is transferred to
the continuum, and, in addition, the maximum is shifted to
lower values of n0, being at n0 = 36 and n0 = 22 for I0

G = 2.5 �
1011 W cm�2 and 1.203 � 1012 W cm�2, respectively. For the CP,
the dependence of PD

n0 ;0;0 on n0 changes as I0
C increases, trans-

forms from having only one maximum to two, being the global
one located at n0 = 36 for all considered peak intensities I0

C.
The narrower vibrational spreading induced by the CP pulse

favors the reduction of the dissociation for most initial states.
Indeed, the stronger vibrational impact of the GP is reflected
in a higher value of PD

n0 ;0;0 for most of the analyzed states,

except for the highly excited vibrational ones lying close to the

Fig. 8 For the initial states (n0, 0, 0), weights |Cn0,0,0(n, N, t)|2 of the field-
free rotational and vibrational states in the field-dressed wavepacket at the
end of the centrifuge (left column) and Gaussian (right column) pulses with
peak intensity I0C = 4.158 � 1010 W cm�2 and I0G = 1012 W cm�2,
respectively.

Fig. 9 The accumulative rotational weights at the end of a Gaussian and
centrifuge pulse as a function of the vibrational quantum number of the
initial states (n0, 0, 0). The inset shows these accumulative rotational
weights for initial states close to the dissociation threshold with n0 Z 32.
The peak intensities are fixed so that both pulses carry the same energy,
and are I0C = 50.00 GW cm�2 (blue stars), I0C = 41.58 GW cm�2 (purple
squares), I0C = 31.18 GW cm�2 (green circles), I0C = 20.79 GW cm�2 (yellow
triangles) and I0C = 10.39 GW cm�2 (red diamonds), for the centrifuge pulse;
and I0G = 1.203 TW cm�2 (blue crosses), I0G = 1.00 TW cm�2 (purples filled
squares), I0G = 0.75 TW cm�2 (green filled circles), I0G = 0.50 TW cm�2

(yellow filled triangles) and I0G = 0.25 TW cm�2 (red filled diamonds) for the
Gaussian pulse.

Fig. 10 For the initial states (n0, 0, 0), population transferred to the
continuum eqn (11) at the end of the (a) centrifuge and (b) Gaussian pulses
for several peak intensities: for the centrifuge, I0C = 50.00 GW cm�2

(blue stars), I0C = 41.58 GW cm�2 (purple squares), I0C = 31.18 GW cm�2

(green filled circles), I0C = 20.79 GW cm�2 (yellow triangles) and I0C =
10.39 GW cm�2 (red filled diamonds), and for the Gaussian, I0G = 1.203 TW cm�2

(blue stars), I0G = 1.00 TW cm�2 (purple squares), I0G = 0.75 TW cm�2 (green filled
circles), I0G = 0.50 TW cm�2 (yellow triangles) and I0G = 0.25 TW cm�2

(red filled diamonds). These intensities have been taken so that both pulses
carry the same energy, see Section 2.
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dissociation limit. For instance, for n0 = 36, PD
n0;0;0 ¼ 0:06 and

0.08 for a GP with I0
G = 1012 W cm�2 and a CP with I0

C = 4.158 �
1010 W cm�2, respectively. For the GP, the ladder-like distribu-
tion of population implies that lower-lying vibrational bands
are populated, and these bands accommodate more rotational
excitations, thereforemaking the dissociation harder. In con-
trast, at the end of the CP, mainly neighboring vibrational
bands to n0 = 36 are populated, making it easier to reach their
maximal rotational excitation and facilitating the molecular
dissociation.

3.3 Thermal distribution

The results discussed in the previous sections assume either a
rotational temperature of 0 K, i.e., the (0, 0, 0) state, or
vibrational excitations but no rotational excitation N0 = 0.
Molecular samples in a single rovibrational state are experi-
mentally feasible in the ultracold regime.26,27 However,
molecular beam experiments are characterized by a certain
rotational temperature, making it extremely challenging to
create molecular samples in a single state.28–30 Here, we con-
sider thermal samples of Rb2 with rotational temperatures that
are experimentally feasible T r 2.0 K. In our description, the
thermal sample is restricted to states within the lowest vibra-
tional band, i.e., with quantum numbers (0, N, MN) with N r 24
and N r MN r N. Note that for T = 2 K, the weight of field-free
states with rotational quantum number N 4 24 is smaller
than 0.01.

In Fig. 11, we present the thermal weights of the rotational
excitations hNiT, defined in eqn (12), at the end of the
Gaussian and centrifuge pulses with peak intensities I0

G =
1.203 � 1012 W cm�2 and I0

C = 5.0 � 1010 W cm�2, respectively.
Note that at these intensities and for the initial states (0, N, MN),
no population is transferred to the continuum. For both pulses,
these thermal distributions are very similar. They show an
increasing trend until reaching a maximum for N = 54 and 42
for the GP and CP, respectively. This demonstrates the creation
of samples in highly excited rotational states such as super-
rotors. As the temperature increases, these maxima are reduced
due to the larger weights of higher rotational excitations to the
thermal sample, for which the impact of the external fields is
smaller.

4 Conclusions

We have explored the rovibrational dynamics of Rb2 molecules
in the a3S+ electronic state, due to non-resonant light. For the
laser field, we have considered two different time envelopes
having the same spectral bandwidth and carrying the same
amount of energy, but inducing different dynamics. For experi-
mentally feasible laser intensities, we find a strong coupling
between the vibrational and rotational degrees of freedom.
Despite the breakdown of the rigid-rotor approximation, these
laser fields create wavepackets characterized by very high
angular momenta. We find that the creation of these highly
excited rotational excitations can result in the dissociation of
the molecule even when initially in deeply bound states, in line
with an earlier prediction.10

For both pulses, the lack of selection rules in the vibrational
quantum number hinders the control over the vibrational
bands being populated. As a consequence, the field-dressed
dynamics involve states from lower and upper lying vibrational
bands, with similar weights. However, a comparison of the
dynamics for both pulses shows that the centrifuge one enables
a better control over the vibrational excitations, creating a
narrower distribution in this degree of freedom. Thus, the
centrifuge field provokes the excitation of high rotational states
while maintaining relatively low spread along the vibrational
bands. This partial control over the vibrational excitations is
due to the gradual transfer of energy from the centrifuge pulse
to the molecule. Initially, when the centrifuge intensity is
increased till the first maximum, a few neighboring vibrational
bands get weakly populated, but this vibrational-rotational
coupling is not significantly enhanced in the consecutive max-
ima. As a consequence, the centrifuge field is more efficient at
creating super-rotor wavepackets with low impact on the vibra-
tional motion. In contrast, the shorter duration of the Gaussian
pulse implies that the energy is transferred faster to the
molecule, and results in a stronger coupling between the
vibrational and rotational motions. Thus, the amount of popu-
lation that is accumulated in higher rotational excitations
might be reduced, due to the larger role played by neighboring
vibrational bands in the field-dressed dynamics.

The results of our work offer new perspectives on the utility
of the optical centrifuge to control not only rotational, but also
vibrational molecular dynamics. Our results provide guidance
for, and we hope will advance, ultrafast spectroscopic studies in
which the separation of the rotational and vibrational excita-
tions by intense laser pulses is of importance.
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Fig. 11 For thermal samples of Rb2 at rotational temperatures T = 0.5 K
(blue squares), T = 1.0 K (red crosses) and T = 2.0 K (green stars), post-
pulse distribution of the population among the rotational states eqn (10)
for (a) a centrifuge pulse with I0C = 5.0 � 1010 W cm�2, and (b) a Gaussian
pulse with peak intensity I0G = 1.203 � 1012 W cm�2.
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Appendices
A Rigid-rotor approximation

Within the rigid-rotor approximation, the Hamiltonian of a di-
atomic molecule in a non-resonant laser pulse linearly polarized
along the LFF Z-axis, is given by

HRðtÞ ¼ N2

2m
R�2
� �

nþH
R
I ðtÞ (6)

where the first term stands for the rotational kinetic energies, with

the rotational constant given by Bn ¼
�h2 R�2
� �

n

2m
. The interaction of

the non-resonant light with the polarizability reads

HR
I ðtÞ ¼ �

IðtÞ
2ce0

DaðRÞh incos2 yþ a?ðRÞh in
� �

: (7)

The matrix elements hf (R)in = hfn,0|f (R)|fn,0in, with f (R) = R�2,
Da(R) and a>(R), and fn,0 = fn,0(R), the field-free vibrational wave
function, adapt this approximation to the different vibrational
bands of the molecular spectrum.31 The time-dependent Schrödin-
ger equation associated with Hamiltonian eqn (6) is solved by the
short iterative Lanczos algorithm for the time propagation21 and a
basis set expansion in terms of the spherical Harmonics for the
angular coordinates.32

B Weights and matrix elements

The field-dressed dynamics is analyzed by projecting the wave
packet onto the basis formed by the field-free eigenstates of the
electronic state a3S+ of Rb2 as in eqn (3). For a given initial state
(n0, N0, MN0

), the weight of the eigenstate (n, N, MN0
) to the field-

dressed wave function is Cn0 ;N0;MN0
ðn;N; tÞ

			 			2. To illustrate the

breakdown of the rigid-rotor approximation, we calculate the
population transferred to a certain vibrational band n as

Vn0;N0;MN0
ðn; tÞ ¼

XNmax

N¼0
Cn0;N0;MN0

ðn;N; tÞÞ
			 			2 (8)

where Nmax is the maximum number of rotational states
included in the basis set expansion (3). Analogously, an accu-
mulative rotational distribution, independent of the vibrational
excitations, can be defined as

Nn0;N0 ;MN0
ðN; tÞ ¼

X
n

Cn0;N0 ;MN0
ðn;N; tÞ

			 			2 (9)

where the sum runs over all vibrational bands of the Rb2 a3S+

electronic state. At the pulses, we compute the mean value of
the rotational excitations defined as

Nn0 ;N0;MN0

D E
¼

PNmax

N¼0
NNn0 ;N0;MN0

N; tfð Þ

PNmax

N¼0
Nn0 ;N0;MN0

N; tfð Þ
: (10)

with tf = tG and tC for the GP and CP, respectively. These
expressions (8)–(10) take into account that MN0

is a good
quantum number due to the azimuthal symmetry.

Due to the strong field impact, part of the population is
transferred to scattering states, i.e., to the continuum. This
effect is quantified by

PD
n0;N0 ;MN0

¼ 1�
X
n;N

Cn0;N0 ;MN0
n;N; tfð Þ

			 			2 (11)

at the end of the G and C pulses, i.e., tf = tG and tC, respectively.
The sum in eqn (11) runs over all vibrational bands, and all
rotational excitations included in the numerical treatment.

For a molecular sample at temperature T, the thermal
average of the rotational excitations reads as

Nh iT¼
X

n0;N0MN0

Nn0;N0;MN0
N; tfð ÞWn0N0 MN0j j; (12)

with tf = tG and tC for the GP and CP, respectively. The Maxwell–
Boltzmann weights are

Wn0N0 MN0j j ¼
g MN0j je

E0;0�En0 ;N0
TkB

Z
; (13)

where kB is the Boltzmann constant, and E0,0 and En0,N0
are the

field-free energies of the (0, 0, 0) and (n0, N0, MN0
) states,

respectively. The factor gMN0
takes into account that the impact

of the laser field on the states (n0, N0, |MN0
|) and (n0, N0,�|MN0

|)

is identical, so that g0 = 1 and g MN0j j ¼ 2 for |MN0
| a 0. The

normalization constant is given by

Z ¼
XNT

N0¼0
2N0 þ 1ð Þe

E0;0�En0 ;N0
TkB ; (14)

where (2N0 + 1) is the field-free degeneracy in the magnetic
quantum number. The highest rotational excitation included is
NT r 24. For the considered temperatures, we neglect the
contribution of states in excited vibrational bands, restricting
n0 = 0 in eqn (13) and (14). Indeed, the thermal weight for the
state (1, 0, 0), i.e., the rotational ground state of the first excited
vibrational band, is W1,0,0 = 5.9 � 10�18 and 1.5 � 10�6, for
T = 0.5 K and T = 2 K, respectively.

Fig. 12 Matrix elements of the vibrational part of the interaction eqn (15)
between the states (n0, 0, 0) and (nf, 2, 0).
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To better understand the mechanism behind the population
transferred to other vibrational bands, Fig. 12 shows the radial
matrix elements

n; 0jDaðRÞjn0; 2h ij j ¼
ð
f�n;0ðRÞDaðRÞfn0;2ðRÞR2dR

				
				; (15)

for the non-diagonal terms in the angular operator cos2y,
i.e., DN = �2.
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